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A B S T R A C T

Colloid transport through complex and dynamic (i.e. non-steady-state) hydrologic systems is rarely studied,
owing to the difficulty of constraining initial and boundary conditions and quantifying colloid-porous media and
colloid-colloid interactions in transient flow systems. Here we present a particle tracer experiment conducted on
a sloped lysimeter receiving periodic rainfall events for 10 days. Four unique, DNA-labelled particle tracers were
injected both in sequence and in parallel, together with a conservative tracer (deuterium), over the course of the
first day and allowed to move through the system. Discharge-particle tracer concentration curves and the spatial
distribution of particle tracer mass retained in the soil at the end of the experiment were found to be highly
dependent on the timing of the tracer injection and the precipitation input and subsequent dynamic response of
the water table. Overall, neglecting the total DLT recovery rate, the DLT particle tracer breakthrough trend
(DNA-labelled particle tracer 4) was similar to deuterium and decreased over time with the exception of a few
peaks later in the experiment. The individual particle tracer breakthrough curves suggest a complex system with
different fast transport mechanisms (e.g. capillary barrier and size exclusion effect) and slow retention-release
mechanisms (e.g. straining, physical-chemical adsorption), which resulted in particle tracers transferring faster
than deuterium in the first 10 h of the experiment but being exceeded by deuterium soon after deuterium started
to break through. The experiment not only highlights the interaction of repeated colloidal pollution events in
hydrologic systems with different pre-event saturation conditions, but also the benefits of using multiple syn-
chronous or sequential tracer applications to dissect explicit formulations of water flow and colloid transport
processes in complex and dynamic hydrological systems. Such explicit process formulations could help improve
understanding hydrologically-controlled transport through catchments and the quantitative prediction of these
processes with water quality models.

1. Introduction

Many pollutants (organic, inorganic and microbial) exist in the
environment as colloids whose size falls in the range between 1 nm and
10 µm (Chrysikopoulos and Sim, 1996; Sirivithayapakorn and Keller,

2003a; Smith et al., 2007; Vasiliadou and Chrysikopoulos, 2011; Wan
and Wilson, 1994b; Wang et al., 2018). Colloids have a high sorptive
capacity and have been shown to facilitate transport of many con-
taminants through the vadose zone to streams or groundwater in-
cluding heavy metals, pesticides, herbicides and other pollutants that
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can adsorb onto and move with colloids (Artinger et al., 2002; Barton
and Karathanasis, 2003; de Jonge et al., 2004; Mills et al., 1991;
Ouyang et al., 1996; Severino et al., 2007). Knowledge of the processes
that control colloid transport and fate under complex, environmentally
relevant conditions is required to effectively predict, manage and re-
mediate environmental pollutants in soil and water systems. However,
the sources of and pathways that colloidal pollutants take in the en-
vironment are often unknown, because of the complexity of natural soil
and water systems and the legacy of accumulated pollutants already
present in our environment (Zhang et al., 2015; Zhang et al., 2016).
This variability in initial conditions and dynamic responses under
variable system states precludes simple solutions for tracking, re-
presenting and predicting the movement of colloids in real-world sys-
tems. In order to isolate and identify the physico-chemical processes
involved in colloid transport through porous media, previous studies
have mainly conducted soil column experiments that investigate one or
very few transport phenomena under controlled (e.g. steady-state) sa-
turated or unsaturated conditions (Kretzschmar et al., 1999; McCarthy
et al., 2002; Mishurov et al., 2008; Zhang et al., 2010). Retention
profiles and breakthrough curves from these experiments are often used
in particle transport models to describe how colloids are transported
through the soil (e.g. advection and dispersion) and how they interact
with themselves and the porous media (attachment, particle aggrega-
tion, deposition, remobilization, straining, etc.) (Bradford et al., 2003;
Bradford and Torkzaban, 2008; Bradford et al., 2009; Elimelech et al.,
2013). However, most of these models to date are not able to explicitly
consider the physico-chemical properties of the particles, nor those of
the system (Goldberg et al., 2017), which largely limits their applic-
ability to predict colloid transport in complex, heterogeneous, non-
steady state systems. Hence, in order to improve predictive tools that
can capture the process dynamics of real-world systems, we need ex-
periments that provide deeper understanding of the transport behavior
of colloids and their interaction with other colloids, the fluid and the
porous media under complex, environmentally relevant conditions.
Through extensive, controlled laboratory studies and systematic

research, many of the physical and chemical processes affecting colloid
transport in saturated and unsaturated porous media have been iden-
tified (McDowell-Boyer et al., 1986; Yao et al., 1971). In saturated
porous media colloid transport is, similarly to solute transport, largely
controlled by advection, dispersion, diffusion and sorption (Bradford
et al., 2002). Among these processes sorption and desorption are as-
sumed to be of primary importance in colloid transport through satu-
rated porous media (Bradford et al., 2002). Experimental studies have
also shown that colloid transport in porous media is highly dependent
on the colloid size and soil grain size distribution (Auset and Keller,
2006; Mackley and Sherman, 1992; Sang et al., 2013), whereby smaller
particles tend to be removed (i.e. attached to porous media) more ef-
ficiently by diffusive transport and larger particles tend to be removed
more efficiently by sedimentation and interception (Yao et al., 1971).
In unsaturated porous media, the presence of air, capillary forces,

pore size and the thickness of the water film around soil grains all have
fundamental impacts on the retention of colloids. Colloid transport and
retention in unsaturated porous media are mainly controlled by colloid
adsorption (i.e. attachment, detachment) to solid-water interfaces
(SWI) and air-water interfaces (AWI) (Auset et al., 2005; Gómez Suárez
et al., 1999; Keller and Auset, 2007; Lazouskaya and Jin, 2008;
Lazouskaya et al., 2006; Lazouskaya et al., 2013; Sang et al., 2013;
Sirivithayapakorn and Keller, 2003b; Wan and Wilson, 1994a; Wan and
Wilson, 1994b), straining (Bradford et al., 2003; Bradford et al., 2002;
McDowell-Boyer et al., 1986), and film straining (when the water film
enveloping the solid phase is not thick enough to submerge the particle)
(Bradford and Torkzaban, 2008; Crist et al., 2004; Lazouskaya et al.,
2013). These processes in unsaturated porous media are further com-
plicated when the water content changes, which often means that
suspended particles move closer to SWI(s) or AWI or both, leading to
increased straining and physical-chemical adsorption (Bradford and

Torkzaban, 2008).
In contrast to steady-state flow systems, transient hydrologic con-

ditions such as those created by pulsed water applications (e.g. wetting-
drying cycles, fluctuating water tables), often create systems consisting
of both an unsaturated and a saturated zone that combine many of the
processes mentioned above. Transient flow is able to mobilize more
colloids, because the variation in soil water content (e.g. during in-
filtration or drainage) can lead to sudden changes in the local soil water
potential, pore water saturation, AWI surface area, AWI locations, and
thickness of water films (Zhuang et al., 2007). As such, the dynamic
nature of non-steady state flow can cause shifts in chemical factors (e.g.
ionic strength, pH, surface charge, chemical composition of the pore
water) and physical factors (e.g. pore size distribution, shrinking and
swelling of the soil) in the porous media, which might fundamentally
influence the importance and magnitude of some of the processes as-
sumed to be primary controls on colloid transport in steady-state flow
systems. However, further insights into these processes and their po-
tential interactions can only be explored through complex, dynamic,
non-steady state experiments.
Among the considerable number of studies of colloid transport in

saturated or unsaturated porous media, very few have conducted
larger-scale (e.g. lysimeter) experiments with transient flow conditions
(see Table S1, supplementary material). Predelus et al. (2005) studied
colloidal nanoparticle transport in a 1.6m3 unsaturated lysimeter
comprised of two soil layers, to determine the effect of capillary barriers
and preferential flow on colloid transport. However, they used silica
nanoparticles with a diameter of 50–60 nm, which were much smaller
in comparison to the fine sand (0–0.2 cm) and gravel (0.4–1.1 cm)
porous media used in the experiment. In addition, they only applied one
continuous rainfall event over the entire experiment, and their experi-
ment was under steady-state flow conditions.
The objective of our experiment was to explore the potential for

interactions between multiple synchronous and sequential particle
tracer injections in a large, sloping and variably saturated-unsaturated
system under transient hydrologic conditions (periodic irrigation). As
such, we are attempting to capture a scenario more realistically ana-
logous to (perhaps repeated) colloidal pollutant spills in the environ-
ment. For this purpose, a 10-day experiment was conducted using a
1m3 sloped lysimeter (the “miniLEO”) at the Landscape Evolution
Observatory (LEO) at the University of Arizona to estimate the fate and
transport of four synchronous and sequentially injected DNA-labelled
particle tracers and one conservative tracer (deuterium). The DNA-la-
belled particles used in this experiment are a new tracer technology
invented by Sharma et al. (2012), which, because of the use of synthetic
DNA sequences, effectively provides an unlimited number of uniquely
identifiable tracers with identical transport properties. The tracers
consist of short single-stranded DNA encapsulated by polylactic acid
(PLA) microspheres (Dahlke et al., 2015; McNew et al., 2018; Sharma
et al., 2012).

2. Methods

2.1. Experimental setup

2.1.1. The miniLEO sloped lysimeter
A 10-day controlled experiment was conducted at the Landscape

Evolution Observatory within the Biosphere 2 indoor laboratory,
University of Arizona, USA (Pangle et al., 2015), using a sloped lysi-
meter (the miniLEO) with an inner length of 200 cm, inner width of
50 cm, inner depth of 100 cm, and a bed slope of 10 degrees (Fig. 1).
The sloped lysimeter is intended to be a prototype segment of a hill-
slope, a basic building-block of a watershed (Kim et al., 2016; Pangle
et al., 2015). The lysimeter had no flow boundaries on the upslope and
length sides, while the downslope side was screened with perforated
plastic (14% porosity and 2mm diameter pores) supported by steel bars
(Fig. 1b). Discharge was collected from the lysimeter in a trough at the
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Fig. 1. Sketch (a) and photograph (b) of the experimental setup. Boundary conditions are indicated by the color of the boundary (a). The two dark blue lines and the
corresponding triangles indicate the location of the lowest and highest water table (a). The lysimeter was divided into three hydrologic zones (a): a permanently
unsaturated zone (white fill), a variably saturated zone (light blue fill), and a permanently saturated zone (dark blue fill). The seepage face and the trough collecting
discharge are shown in the photograph (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Particle size distributions for each of the four
DLTs (a), and the porous media (b). Plot of the ratio
of porous media diameter to DLT particle diameter
(dm/dp) for each DLT size bin (blue and black lines)
to the cumulative differential volume (%) of the
porous media (c). Shaded areas show filtration me-
chanisms defined by McDowell-Boyer et al (1986)
based on the observed dm/dp ratios. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)
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bottom of the downslope seepage face (Fig. 1). The lysimeter was
packed with 0.05m3 of gravel and 0.95m3 loamy sand: 33 cm of wet
soil were filled into the lysimeter and compacted to a homogeneous
layer of 25 cm thickness with a tamping device. This procedure was
repeated 4 times to achieve a total of 1m homogeneous soil. The gravel
was placed in a 10 cm thick layer along the downstream face of the
lysimeter to mimic the flow conditions in the larger experimental hill-
slope at the LEO (please see Pangle et al. (2015) Fig. 2 for photographs
of LEO setup).
The lysimeter was packed with crushed, late Pleistocene basaltic

tephra extracted from near Merriam Crater in northern Arizona, USA
(Pangle et al., 2015). The porous media was of a loamy sand texture
with 86.5% sand (> 50 µm), 13.5% silt (2–50 µm) and 0.17% clay
(< 2 µm) (by volume); the particle size distribution is shown in
Fig. 2(b). The specific surface area of the porous media was 0.92m2/g,
porosity was 0.47, bulk density was 1.48 g/cm3, particle density was
2.66 g/cm3, and saturated hydraulic conductivity was 12.1m/d
(1.4×10−4m/s) (Gevaert et al., 2014; Kim et al., 2016; Pangle et al.,
2015; Pohlmann et al., 2016; van Haren et al., 2017; Veevaert, 2012).
Mineralogically, the porous media was composed of basaltic glass
57.8%, labradorite (feldspar) 23.4%, forsterite (olivine) 12.6%, diop-
side (pyroxene) 5.3%, and titanomagnetite 1.0% (by weight) (Pangle
et al., 2015; Pohlmann et al., 2016). The gravel consisted of the same
mineral composition, but had a much larger grain size (∼1 cm dia-
meter). The zeta potential of the porous media was −37.8mV, mea-
sured with an electrokinetic analyzer (SurPASS, Anton Paar, Graz,
Austria).

2.1.2. Lysimeter instrumentation
A suite of hydrologic sensors was installed within the lysimeter

following the same design described in Kim et al. (2016). A magnetic
flow meter (Seametrics PE102) was used to continuously measure the
amount of water applied by four sprinklers onto the surface of the ly-
simeter and its surrounding area. The spatial distribution of the rainfall
was measured a priori with cups collecting rainfall in a 10× 3 grid to
determine the actual amount of water that was falling onto the surface
of the soil lysimeter. Real-time discharge was measured with a tipping
bucket gauge (Onset RG3) at the outlet of the soil lysimeter. The lysi-
meter rested on four load cells (one at each corner) that measured the
weight of the soil box; the weight was used to calculate the change in
water storage in the system. A total of 15 water potential sensors (MPS-
2), 15 soil pore water samplers (Prenart Super Quartz sampler) and 15
volumetric water content and temperature sensors (Decagon 5TM
sensor) were installed at three slope positions (downslope, midslope
and upslope) and five depths (5, 20, 35, 50 and 85 cm) as shown in
Fig. 1a. The dynamic water table was measured with two Campbell
CS451 pressure transducers and one HOBO water level logger at the
downslope, midslope and upslope position within the lysimeter (at 15,
75 and 135 cm distance from downslope face, Fig. 1a). The sampling
frequency of all hydrologic sensors was 1min.

2.1.3. Periodic steady state condition
The lysimeter was packed 35 days before the start of the 10-day

experiment, which started on June 14, 2016. Rainwater was applied
starting 5 days prior to the experiment to prime the system. Periodic
steady state conditions were created in the system by applying an
identical rainfall sequence each day. For the initiation and duration of
the experiment, three rainfall pulses of 2-h duration with a rainfall
intensity of 30mmh−1 were applied each day: the first pulse was ap-
plied from 8:00 to 10:00, the second pulse from 12:00 to 14:00, and the
third pulse from 16:00 to 18:00. The periodic steady state regime was
used to study colloid transport in transient flow and the influence of
different stages of the wetting-drying cycle on colloid transport.

2.1.4. Tracer application
Five tracers were applied to the lysimeter, consisting of one Ta
bl
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conservative tracer (deuterium, D) and four DNA-labelled particle tra-
cers. We adopted four DNA nucleotide sequences (T3M, T4M, T10, T11)
from Dahlke et al. (2015) to create four DNA-labelled particle tracers
(DLTs) named DLT1, DLT2, DLT3 and DLT4 (please see Table 1 for the
number of nucleotides of each DLT and Table S2 in supplementary
materials for the exact sequences). The average tracer sizes and zeta
potentials are provided in Table 1, and particle size distribution of each
kind of DLT is provided in Fig. 2a. More information on the fabrication
and extraction of DLTs from water and soil samples is provided in the
Supplementary materials (S1–S4).
The D and one of the DLTs (DLT4) were applied during all three

rainfall pulses on the first day of the experiment. D was applied with the
rainwater; all DLTs were applied manually with spray bottles on the soil
surface in a spatially and temporally uniform manner. While DLT4 was
applied during all three rainfall pulses, DLT1 was applied only during
the first rainfall pulse, DLT2 only during the second, and DLT3 only
during the third rainfall pulse on day 1 (Table 1). The baseline δD value
of rain water was −57‰ (all isotopic data are reported relative to
Vienna Standard Mean Ocean Water, equivalent to 1.5395× 10−2

mmole/ml HDO), and the δD value of labeled rain water was 765‰
(equivalent to 2.8810×10−2mmole/ml HDO). For each DLT, two
batches of concentrated tracer were mixed with ultrapure water. For
DLT1, DLT2, and DLT3 the concentrated DLT was mixed with 550ml of
water, while for DLT 4 the concentrated DLT was mixed with 1500ml
of water to provide enough volume for three 2-h application. In this
way, the comparison between the breakthrough curve of D and the
breakthrough curve of DLT4 could be used to understand how the be-
havior of the DLTs was different from a conservative tracer, as they
were applied during the same periods. And the comparison between the
superimposed breakthrough curve of DLT1-3 and breakthrough curve
of DLT4 could be used to understand if different stages of the wetting-
drying cycle or other factors would influence the behavior of the DLTs.

2.2. Breakthrough and retention sampling and analysis

The discharge collected in the trough at the bottom of the down-
slope face of the lysimeter was split three ways. One tube with a control
valve allowed manual sampling of discharge from the main line
(Fig. 1b, arrow ①). When the control valve was closed, all the discharge
was routed to a tipping bucket to measure discharge after which it was
split two ways. One tube directed the outflow from the tipping bucket
gauge to an autosampler (customized with a single channel peristaltic
pump and a stepper motor (Adafruit Industries) controlled by an Ar-
duino Uno microcontroller board (Kim et al., 2016) (Fig. 1b, arrow ②).
Another tube diverted the discharge to a Los Gatos Research DLT-100
Laser for real-time D measurements (δD relative to Vienna Standard
Mean Ocean Water) (Kim et al., 2016) (Fig. 1b, arrow ③). Manual
samples were taken every half hour during the daytime on the first
three days of the experiment (8:00–20:00). Automatic samples were
taken every half hour during the first three days and every hour for the
remainder of the experiment. Discharge samples were taken using
sterilized 5ml tubes (Eppendorf AG, Hamburg, Germany).
After the 10th day of the experiment, the lysimeter was excavated

and soil samples were taken to estimate the tracer mass retained in the
porous media. For this, the lysimeter was divided into 18 zones (white
grid shown in Fig. 7), and one sample (about 500 g of soil) was taken
from each of the 18 zones after thorough mixing of all the soil in that
zone.
Detailed methods of extraction and quantification of the four DLTs

in each collected soil and discharge sample are described in the
Supplementary materials S2–S5 and McNew et al. (2018).

2.3. Tracer recovery and retention analysis

For D, the input mass was known (the D tracer input concentration
was multiplied by the corresponding input rainfall amount), and both

discharge concentration and discharge were measured at the frequency
of one value per minute. The normalized cumulative transferred (i.e.,
recovered) mass could simply be calculated by:

M t
C t Q t dt
M

( )
( ) ( )

D m

t

in D

0

_

m

=
(1)

where t is time (min), MD is normalized cumulative transferred mass, tm
represents the sampling time the MD is calculated for (m=0, 1, 2,…, n;
t0=0, tn=14400) (min), Min_D is the total input D mass, C(t) is the
discharge concentration of D at time t (mmole/ml), Q(t) is discharge at
time t (ml/min).
Note, that we first converted the concentration unit from per mil to

mmole/ml, and then subtracted the background concentration from
each concentration value. The background concentration was taken as
the mean concentration of the first 4 h of the experiment. Observed
values less than the background value were set to zero.
The discharge concentration data for other tracers were measured at

the frequency of one data point every half hour or one hour; while
discharge was measured at the frequency of one value per minute.
Moreover, because the fabrication, application and analysis procedure
of the DLTs caused unquantifiable losses in tracer mass, the total DLT
input mass was estimated as the sum of the DLT mass retained in the
soil at the end of the experiment and the DLT mass recovered from the
discharge. The unknown losses, for example, included 1) the un-
encapsulated DNA strands that were washed off together with fabri-
cation reagents during the washing step in the fabrication
(Supplementary materials S1), 2) the DLTs that did not resuspend well
due to aggregation, 3) spray sometimes reached beyond the lysimeter
boundaries, and 4) the DNA strands that were not effectively extracted
from the polymer microspheres in the collected discharge and soil
samples (the extraction efficiency was not 100%, although over 90%,
please see McNew et al., 2018 for more details). Therefore, the calcu-
lation of the normalized cumulative transferred DLT mass was more
complicated.
The total discharged mass was:

TDM C t Q t dt C t Q t dt C t Q t dt( ) ( ) ( ) ( ) ( ) ( )i
j

n

i j i n

t

1
0 2

1
t t t j t j

t j t j

n

tn tn

1 2
2

1
2

1
2

1
2

= + +
=

+ + +

+ +

(2)

where t is time (min), tj represents each sampling time (j=0, 1, 2,…, n;
t0=0, tn=14400), TDM is total discharged mass, i represents the
tracer types (DLT1, DLT2, DLT3 or DLT4), Ci(tj) is the concentration of
tracer i at sampling time tj (copies/ml), Q(t) is discharge at time t (ml/
min).
The concentration of each DLT in each of the 18 excavated soil

zones were interpolated and plotted. The total number of copies of each
DLT retained in each of the 18 soil zones was estimated by multiplying
the total mass of soil in that zone and the concentration of each DLT in
that zone. Therefore, the total input mass for each DLT was calculated
by:

W TDM Ni k

k
i k1

18
,= +

=

=
(3)

where W is total input mass (copies), and the summation item is the
total retained mass in soil profile, Ni,k is the mass of tracer i in soil zone
k (k=1, 2, …, 18).
Normalized cumulative transferred mass was calculated for each

tracer at each discharge sampling time by summing up the product of
concentration and discharge over time and dividing by the total input
mass:
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where M is normalized cumulative transferred (i.e., recovered) mass,
and tm represents the sampling time theMi is calculated for (m=0, 1, 2,
…, n; t0=0, tn=14400) (min).
The normalized cumulative transferred (i.e., recovered) tracer mass

reveals the arrival of each tracer at the outlet of the lysimeter and the
transport pattern over time.
Normalized load curves were calculated as the product of tracer

discharge concentration and discharge over a given sampling interval,
and the total input mass was used to normalize each load value for that
tracer:

L t

j

j n

j n

( )

, ( 1)

, ( 2, 3, , 1)

, ( )

i j

C t Q t dt

W

C t Q t dt

W

C t Q t dt

W

( ) ( )

( ) ( )

( ) ( )

i

t t

i

i j

t j t j

t j t j

i

i n
tn

tn tn

i

1

1 2
2

0

1
2

1
2

1
2

=

=

=

=

+

+ +

+

+

(5)

where Li(tj) is the normalized load of tracer i over the j-th sampling time
(copies per sampling interval).
In our transient variable system, the normalized load breakthrough

curves provide information about the ability of the system to mobilize
each tracer, taking total recovery rate into consideration. In addition to
the normalized load and recovered tracer mass curves for each DLT and
the D, we also created a superimposed curve of the three individual DLT
pulses by summing the normalized cumulative transferred mass of
DLT1, DLT2 and DLT3 and dividing them by 3. This superimposed
cumulative curve (named superimposed DLT1-3 for the remainder of
this paper) allows direct comparison with DLT4 and D, which were
applied during all three rainfall pulses on day 1.
In order to better understand the hydrologic factors controlling the

transport of the DLTs and the deuterium tracer within the lysimeter,
peaks were identified in the hydrologic variables (storage, discharge,
water level, volumetric water content) and sorted by time for each day
and rainfall pulse. Hydrological time series were first smoothed to re-
move noise in the 1-minute-time-interval data, and then peaks of the
smoothed curves were automatically identified using MATLAB code
(the MATLAB code and algorithm of the smoothing and peak identifi-
cation are provided in the supplementary materials). The peaks of the
deuterium breakthrough curve and the normalized DLT load curves
were automatically identified as well, but without pre-smoothing. Then,
the peaks of the hydrological variables were sorted for each rainfall
pulse and day. This detailed spatio-temporal analysis of hydrologic and
tracer transport dynamics provided helpful insights for the identifica-
tion of dominant transport mechanisms within the lysimeter.

2.4. Statistical analysis

The Pearson correlation coefficient, r, was calculated between the
base-10 logarithm of the DLT breakthroughs and all hydrologic vari-
ables (i.e. discharge, storage, rainfall, water level, volumetric water
content) and the observed deuterium breakthrough. The log-transfor-
mation of both observed DLT concentration and load was done to
transform the highly positively-skewed DLT data distribution to a more
normal distribution. In addition, DLT2 and DLT3 time series were
shifted to the injection time of DLT1, DLT4 and D. Statistical analysis

was done in MATLAB and r as well as associated p-values recorded.

3. Results

3.1. Hydrology of the system

3.1.1. Storage, discharge and water table dynamics in the system
Fig. 3 depicts the rainfall, storage, discharge and water level dy-

namics in the sloped lysimeter for the 10-day experiment. In response to
the three rainfall pulses applied each day, the storage and discharge of
the system showed three distinct peaks with sharply rising and falling
limbs and longer-tailed recessions during the intervening night period.
System storage varied daily between 270 (around 6:00) and 350mm
(around 19:00) in response to rainfall events. Storage responded more
quickly to the first rainfall pulse each day than discharge, which only
increased to 50% of the daily maximum during the first rainfall pulse,
followed by a clear increase during the second and third rainfall pulse
when the water table expanded in upslope direction, increasing con-
nectivity in the hillslope. The water level in the up-, mid-, and down-
slope position rose to about 27 cm above the bottom in response to the
third rainfall pulse each day. Overall, the water level data showed less
pronounced peaks. The water level in the up- and mid-slope position
frequently decreased to zero during the night period indicating drai-
nage of this part of the hillslope during the intervening period. Only the
downslope water level maintained a minimum height of 2.2 cm above
the bottom of the lysimeter during the intervening period. Over the
duration of the experiment, 1,759mm of rainfall were applied (adjusted
for the spatial rain distribution of the sprinklers); the total discharge
was 1,721mm, resulting in a nearly closed water balance (2.2% loss).
The applied rainfall amount per day (180mm/day) is large compared
to the storage of the system. However, the upper 75% of the system
remained unsaturated during the experiment, which means that the
rainfall rate was not unreasonably large. The large rainfall rate was
used to speed up the experiment; otherwise, the experiment would have
taken a much longer time.
Fig. 4 shows the measured volumetric water content (VWC) at the

upslope, midslope and downslope position and five different depths
within the sloped lysimeter. VWCs showed the greatest amplitude in the
first 20 cm of the system and a more dampened response in the lower
half. With every rainfall application, VWC increased rapidly throughout
the lysimeter, approaching saturation in some locations (e.g. at 5 and
50 cm). Both VWC sensors installed at 85 cm depth at mid-slope and
downslope remained above 45% for the duration of the experiment,
indicating nearly saturated conditions (e.g. capillary fringe). The
downslope sensor showed a steady increase in VWC over the course of
the experiment, which may have been drift in the sensor calibration, or
possibly an increase in porosity (perhaps due to internal piping erosion
near the outflow face). Surprisingly, the mid-slope sensor installed at
35 cm showed consistently high and less variable moisture contents,
which are either an indication of sensor malfunction or the sensor
might have been in an area of local low permeability and perched sa-
turation, despite efforts to ensure a homogenous packing.

3.1.2. Definition of hydrologic and tracer transport zones
Based on the measured water table at the down-, mid- and upslope

position, the lysimeter was divided into three hydrologic zones: i) a
permanently unsaturated zone, ii) a transient, variably saturated zone,
and iii) a permanently saturated zone (Fig. 1a). About 0.5% of the
system was permanently saturated and maintained a minimum water
table of about 2.2 cm above the bottom of the lysimeter (Fig. 1a, dark
blue area). During rainfall events, the water table rose to about
20–27 cm above the bottom of the lysimeter, creating a transient and
variably saturated zone (22.53% of the total system; Fig. 1a, light blue
area), above which the porous media was permanently unsaturated
(76.97% of the total system; Fig. 1a, white area). These zone definitions
will be used for the remainder of this paper to discuss different flow and
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transport mechanisms in the system.

3.2. Tracer transport through the system

3.2.1. Breakthrough analysis
Table 2 shows the tracer mass recovered in discharge (uncertainty

provided as the relative standard deviation of qPCR analysis for each
DLT) and Fig. 5 shows the D and DLT time-concentration plots and
normalized DLT loads (circle diameters) for the 10-day experiment.
Compared to the 97.78% recovery of D in discharge, the majority of the
DNA tracer mass was retained in the soil matrix (98–99%, Table 2). The
DNA tracer mass recovered in the discharge decreased incrementally
from DLT1 (1.44%, 6.35E+10 out of 4.41E+12) to DLT4 (1.04%,
2.67E+10 out of 2.57E+12), to DLT2 (0.52%, 1.54E+10 out of 2.97E
+12) and DLT3 (0.19%, 1.71E+10 out of 9.14E+12) (Table 2). If the
sequentially applied tracers responded to the water flow linearly, the
total recovery rate of DLT1, DLT2 and DLT3 should be 3 times of the
recovery rate of DLT4. However, the combined total recovery rate of
DLT1, DLT2 and DLT3 (2.15%) was only 2 times of the recovered
percentage of DLT4 (1.04%) (Table 2), which confirmed the non-linear
response of the sequentially applied DLTs. Recall that the total input
DNA copies were calculated by Eq. (5), i.e. the sum of the discharged
and retained copies.
Except for a 12-h gap in the night of day 1, the majority of the

applied D was advected and dispersed through the system during days
1–3 of the experiment. On day 1, the discharge maintained a baseline
signal of −57‰ before the water became more enriched in D at around
16:00 on Day 1. D peaked around 18:00 on day 2 at 515‰ after which
it decreased to near the background concentration around 20:00 on Day
3.
In comparison, the DLT time-concentration curves showed a more

erratic behavior with sharper peaks (Fig. 5). Identical log-scale y-axes
were used to plot the DLT breakthrough curves to provide better
comparison between the different DLTs. The first breakthrough of all
four DLT tracers occurred prior to the D tracer breakthrough, which is

consistent with other observations of colloidal transport in porous
media (Auset et al., 2005; Keller and Auset, 2007; Mohanram et al.,
2010; Sirivithayapakorn and Keller, 2003a; Toran and Palumbo, 1992)
and results of the reduced pore availability to transport these large
particles (Auset et al., 2005; Mohanram et al., 2010; Sirivithayapakorn
and Keller, 2003a). Most of the tracer peaks occurred early in the ex-
periment and at times when rainfall was applied. Some smaller peaks
also occurred on days 6–8 of the experiment. DLTs could not be de-
tected in the discharge in the last 44 h of the experiment, which in-
dicates that almost all the DLTs that could come out under the ex-
perimental condition had already come out by the end of the
experiment. Comparing the 4 subfigures for the 4 DLTs, the decreasing
recovery rate from DLT1 to DLT4 to DLT2 to DLT3 was clearly shown
by the diameter of the circles showing loads normalized by total input
mass. However, focusing on each subfigure, the highest loads for each
tracer tended to be associated with the first irrigation pulse of each
daily sequence. The DLT breakthrough curves did not show a con-
sistently decreasing trend in tracer load (Fig. 5). For example, both
DLT3 and DLT4 showed higher loads on day 3 of the experiment than
on day 1.
The normalized cumulative transferred mass of all the tracers are

shown in Fig. 6. The final transferred percentage was the recovery rate
(97.78% for D, Fig. 6a; and about 1% as tabulated in Table 2 for DLTs,
Fig. 6b). If the DLTs were transported in a conservative manner, the
normalized cumulative mass breakthrough curves of D, DLT4 and the
superimposed DLT1-3 should overlap. However, except for DLT3,
which was injected during the third rainfall pulse on Day 1, all the other
DLTs had mass recovery larger than D before 6/14 18:00 at the end of
the third rainfall pulse on Day 1, even though the injection of DLT2
occurred later than that of D (Fig. 6b). However, D started to break-
through around 6/14 16:00 and exceeded the DLTs within about 2 h.
Among the four DLTs applied, DLT4 showed a breakthrough behavior
most similar to that of D, if the total recovery rate is neglected and one
only focuses on the trend of the breakthrough (comparing Fig. 6a and
b). This is because DLT4 and D were both injected during each of the

Fig. 3. Time series of major hydrologic variables for the 10-day experiment.
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three rainfall pulses on Day 1 of the experiment. Note, that a con-
servative tracer moves with water without sorption to soil media and
without degradation during the experimental span (Flury and Wai,
2003). Preliminary degradation experiments (data not shown) showed
that the DLTs did not degrade during the experimental span (10 days).
Therefore, the most likely explanation for the non-conservative break-
through of DLTs is that they strained by and adsorbed to soil media
(lower total recovery), and moved with preferential flow caused by
capillary barrier and size exclusion effects (faster early breakthrough),
which will be discuss in details in Section 4.1.

3.2.2. Correlation of DLTs to hydrologic variables
The Pearson correlation coefficients listed in Table 3 highlight clear

relationships and hydrologic drivers for the observed DLT transport
through the miniLeo hillslope. Hydrologic variables that were highly
correlated to the DLT breakthrough were interpreted to be direct dri-
vers of DLT transport. All DLTs were significantly correlated to rainfall
and deuterium. To our surprise, none of the DLTs were significantly
correlated to discharge, the change in storage or the water level in the
mid-slope and upslope part of the hillslope. All DLTs were highly cor-
related to the downslope VWC at 85 cm depth; however, this might be

Fig. 4. Time series of the volumetric water content measured at the upslope (blue dashed line), midslope (light blue line) and downslope (black line) position at five
different depths (5, 20, 35, 50, 85 cm) in the miniLeo sloped lysimeter. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Table 2
Total DNA mass balance (uncertainty provided as the relative standard deviation of qPCR analysis for each DLT).

Depth (cm) DLT1 DLT2 DLT3 DLT4

Total input (DNA copies) 4.41 ± 0.99E+12 2.97 ± 0.54E+12 9.14 ± 2.10E+12 2.57 ± 0.61E+12

Total retained in soil
(DNA copies)

4.35 ± 0.98E+12
(98.56 ± 22.21%)

2.96 ± 0.54E+12
(99.48 ± 18.05%)

9.13 ± 2.10E+12
(99.81 ± 22.91%)

2.54 ± 0.60E+12
(98.96 ± 23.47%)

Total discharge (DNA
copies)

6.35 ± 1.43E+10
(1.44 ± 0.32%)

1.54 ± 0.28E+10
(0.52 ± 0.09%)

1.71 ± 0.39E+10
(0.19 ± 0.04%)

2.67 ± 0.63E+10
(1.04 ± 0.25%)

Soil zones 0–5 cm 96.40 ± 21.73% 94.85 ± 17.21% 88.01 ± 20.20% 96.44 ± 22.87%
5–50 cm 2.16 ± 0.49% 4.62 ± 0.84% 11.60 ± 2.66% 2.48 ± 0.59%
50–100 cm 0.00% 0.01 ± 0.00% 0.20 ± 0.05% 0.04 ± 0.01%
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due to a malfunctioning sensor, as shown in Fig. 4. The observed sig-
nificant correlation to the mid-slope 35 cm VWC could be an artifact of
the location of the sensor and the previously described possibility of
perched saturation occurring in this part of the hillslope. Most of the
DLTs also showed significant correlation to the VWC at 5 and 20 cm at

the downslope, mid-slope and upslope (5 cm only) position (Table 3),
which could suggest that the top 5–20 cm soil was the biggest obstacle
on their way to the outlet, i.e., being able to pass through the topsoil
was almost sufficient to reach the outlet.

Fig. 5. Breakthrough concentrations of
deuterium (a) and DNA-labelled particle
tracers DLT1 (b), DLT2 (c), DLT3 (d), and
DLT4 (e), for the 1m3 miniLeo lysimeter at
the Biosphere 2 in Arizona. The detection
limit of the qPCR is 1000 DNA copies per ml.
Any copy number under 1000 is shown as
1000 in the figure. Note that the circle dia-
meter indicates the tracer load normalized
by the corresponding total input mass. Grey
bars indicate the rainfall pulses. The colored
bars in the upper left corner show the in-
jection time of each tracer.

Fig. 6. Normalized cumulative curves of recovered
DLT1, DLT2, DLT3, DLT4, D and superimposed
DLT1-3 tracer mass. The colored bars in the upper
left corner show the injection time of each tracer.
Each data point was calculated by dividing the cu-
mulative recovered mass by the total input mass. (a)
shows the full range of the cumulative transferred
mass, and (b) focuses on the range of the DLT cu-
mulative transferred mass.
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3.3. Timing of tracer breakthrough and hydrologic variable peaks

All hydrologic variables (discharge, storage, water level at three
locations (downslope, midslope and upslope), and a total of 15 volu-
metric water contents at three locations (downslope, midslope and
upslope) and 5 depths (5, 20, 35, 50, 85 cm) were sorted based on the
time at which each variable peaked in response to the rainfall pulse
(Table 4). Rainfall was the main driver of the hydrologic response in the
periodic, steady state system. In response to rainfall, the mid-slope VWC
at 35 cm depth peaked first on most days, supporting the hypothesis of a
potential preferential flowpath created by the dripping water from the
beam over the lysimeter (Fig. 1b). Storage always peaked at the end of
each corresponding rainfall pulse and during most days, storage was the
7th variable to peak, preceded by peaks in VWC in the near surface (5
and 20 cm depth) of the lysimeter. All variables that peaked before
storage were defined as quick response variables (shaded blue in
Table 4).
Discharge often occurred as 10th to 13th peak among all hydrologic

variables. Based on the arrival of the discharge peak, variables that
peaked between storage and discharge were defined as medium re-
sponse variables. Finally, variables that peaked after discharge were
defined as slow response variables. In general, the VWC at shallow
depth peaked earlier than the VWC at deeper depth irrespective of the
slope position. In terms of lateral water movement, VWC at the same
depth in the downslope position generally peaked before the upslope
position (Table 4). During all rainfall pulses, the water level in the
upslope position always peaked before the upslope VWC at 85 cm
depth: the upslope VWC at 85 cm depth almost always ranked 20, while
the upslope water table ranked between 14 and 19 (Table 4). This in-
dicated that lateral flow in upslope direction, instead of vertical in-
filtration, contributed significantly to upslope water table rise. Other-
wise, i.e., if the vertical infiltration were the main contribution to
upslope water table rise, the upslope water table should rank after the
upslope VWC at 85 cm. A similar behavior was observed for the mid-
slope and downslope positions, but only during the third rainfall pulse
on each day, when the mid-slope and downslope water table rose
quickly in response to the combined effect of vertical and lateral flow.
At all other times, the VWC at 85 cm peaked before the water level at
the mid-slope and downslope position.
The repetitive daily pattern in VWC, water level, discharge and

storage dynamics are of fundamental importance for the transport of
the DLTs and D in the system as discussed in more detail below. In
response to precipitation inputs and the hydrologic response of the
system, different DLT transport hotspots emerged over the course of
each day during the 10-day experiment. In the morning (8:00–12:00),
rainwater infiltrating into the unsaturated zone created a flow and
tracer transport hotspot that caused movement of some of the DLT
particles deeper into the system; in the afternoon (12:30–20:30), both
the unsaturated and variably saturated zone influenced flow and tracer
transport; while, at night (21:00–7:30 of next day), the variably satu-
rated zone was driving most of the tracer transport (see hydrologic
parameter analysis provided in Table 4). The main drivers of the D
peaks were percolation of the infiltrating rainwater through the un-
saturated zone, subsequent water table rise in the upslope, mid-slope
and downslope bottom part of the hillslope, and eventual increase in
discharge and soil moisture at the location closest to the outlet
(Table 4). These dynamics in combination with the rainfall pulses were
also the main drivers of the DLT peaks. However, most of the time more
than one driver was taking effect.

3.4. Soil retention and recovery rates

All four particle tracers (DLTs) showed an exponential decline in
retained tracer percentage with depth (Table 2, soil zones). More than
90% of the applied tracer mass was retained in the first 5 cm of the
porous media (Table 2, soil zone 0–5 cm), which was consistent withTa
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the significant correlation between the VWC at 5 cm and DLT break-
through mentioned at the end of Section 3.2.2. On average 5.2% was
retained in the 5–50 cm zone of the soil, while only trace amounts (on
average < 0.2%) were observed in the lower half (50–100 cm) of the
soil lysimeter (Fig. 7 and Table 2). For all DLTs, less than 1.5% of the
applied mass passed through the unsaturated zone (0–50 cm); however,
except for DLT3, once particles could enter the variably saturated zone
(lower 27 cm of the lysimeter), more than 99% (if not 100%) went into
discharge and were exported from the system (Fig. 7 and Table 2).
Recall again that the perfect mass balance was due to the way we es-
timate the total input DNA copies (Eq. (5)).
On average only about 0.86% of the applied DLT mass moved

through the unsaturated zone and reached the fluctuating water table
(Table 2, summation of total discharge and soil zone 50–100 cm per-
centage). This low mass recovery is consistent with the very low bio-
colloid recovery observed by Auset et al. (2005) in an unsaturated soil
column experiment with transient flow pulses. Toran and Palumbo
(1992) observed less than 1% recovery of 1 µm microspheres in a 65 cm

saturated repacked sand column, which is comparable to the percen-
tage that was recovered in this experiment even though the lysimeter
had a 75 cm unsaturated and a 25 cm variably saturated zone.

4. Discussion

4.1. Five unique characteristics of the DLT breakthrough curves and the
speculated reasons

The synchronous and sequential application of four DLTs in this
periodic, steady state flow and transport experiment point towards
some interesting mechanisms that were, to our knowledge, not studied
in combination in previous experiments so far:

4.1.1. Decreasing DLT recovery for sequentially applied tracers
Although the size and zeta potential of the monodispersed DLTs

were similar (Table 1), DLT1, DLT2 and DLT3, which were applied
during the first, second and third rainfall events, respectively, on the

Table 4
Hydrologic variables ranked for each rainfall pulse and day based on the arrival time of the variable’s peak. The color of each cell indicates the response time
category: blue cells indicate quick response variables and storage, green cells indicate medium response variables and discharge, and grey cells indicate slow response
variables slower than storage and discharge peak.

Q: discharge; S: storage; DS: downslope; MS: midslope; US: upslope; VWC: volumetric water content (the 5, 20, 35, 50 and 85 refer to measurement depth); WL: water
level.

Fig. 7. Spatial distribution of particle tracer mass retained by the porous media at the end of the 10-day experiment for each DLT. White dashed lines show the 18
zones from which soil samples were taken. US, MS, and DS indicate the upslope, midslope and downslope position.
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first day of the experiment, showed a consistently decreasing recovery
rate (Table 2, total discharge percentage). We speculate that one me-
chanism that could account for this is the sequentially increasing re-
tention due to the clogging of pore throats by the DLTs. This would
progressively increase straining of the DLTs over time. This mechanism
has been observed directly in other studies (Auset and Keller, 2006;
Bradford et al., 2006; Xu et al., 2006). DLT1 showed the greatest re-
covery in discharge (Table 2, 1.44% in discharge). This might be at-
tributable to the fact that DLT1 was applied first, when no other tracers
blocked its pathways. DLT4 was applied at the same time as DLT1, but
the concentration was 1/3 of that of DLT1, and its second and third
pulses were applied after DLT1. Since the tracer application during the
first rainfall event on Day 1 was not blocked by other tracers but the
second and third pulses might have been, the DLT4 recovered mass
turned out to be the second highest (Table 2, 1.04% in discharge). DLT2
was applied during the second rainfall pulse (Fig. 5) when the lysimeter
was wetting up and hydrologic connectivity was established between
the unsaturated and permanently saturated zone. Nearly 70% of DLT2
was transferred within the same rainfall pulse (Fig. 6, day 1 pulse 2).
This seems to suggest that the majority of the recovered DLT2 particles
might have found rapid transport pathways during its application
which were blocked during subsequent events, either by previously
added tracers or by air bubbles, resulting in the second lowest recovery
rate (Table 2, 0.52% in discharge). DLT3 was applied during the third
rainfall event on day 1 after which it experienced a 14 h long drying
period (Fig. 5). The lack of rainfall might have caused DLT3 particles to
become quickly trapped by physico-chemical adsorption or straining,
which resulted in the lowest recovery rate (Table 2, 0.19% in dis-
charge).

4.1.2. Highly variable number of peaks
As shown in Fig. 5, each DLT breakthrough curve exhibited several,

and often with inconsistent timing, high-concentration peaks (i.e. high
DNA-copy count per sample) throughout the experiment. We hy-
pothesize that the main reason for this erratic breakthrough was the
intermittent wetting-drying cycle created by the periodic rainfall
events. The low soil water content between rain events hindered the
movement of particles, as particles must move with the water flow
(Fig. 5). This dynamic was further exacerbated by the size and mass of
the particles, and their potential aggregation over time (Fig. 2), which
increased the probability of particle retention in the porous media
while at the same time increasing the probability for spontaneous dis-
lodging and transport through the system during rainfall events (Auset
et al., 2005; Zhuang et al., 2007). Theoretically, if the system were to
remain saturated throughout the experiment, then based on the ratio of
the porous media diameter, dm, to the DLT particle diameter, dp (dm/dp)
(Fig. 2), most particles should have be retained in the near surface soil
layer by physical-chemical filtration (more than 90% of the porous
media had a dm/dp > 20, Fig. 2), i.e. collision with and attachment to
soil-water interfaces (McDowell-Boyer et al., 1986). However, actually,
due to the unsaturated condition, the proportion of DLTs subject to
physical-chemical filtration should be less than the calculated value;
and proportion of straining (e.g. wedging, bridging, retention at solid-
air-water triple point, or film straining in water films enveloping the
solid phase) and attachment of DLTs to air-water interfaces should be
greater than the calculated value for straining (Bradford and
Torkzaban, 2008). Cake filtration was unlikely, both theoretically and
actually, since only 2.4% of the porous media had a dm/dp < 10
(Fig. 2), and this proportion would not be influenced by the saturation
condition.

4.1.3. Faster DLT transport than D at the beginning of experiment, but
exceeded by D soon after the start of D breakthrough
DLT1, DLT2 and DLT4 showed a faster breakthrough than was ob-

served for the deuterium at the beginning of the experiment (before the
end of the third rainfall pulse on Day 1 of experiment, Figs. 5 and 6).

We hypothesize that the faster breakthrough at the beginning can be
attributed to 1) the formation of a capillary barrier (Bussière et al.,
2003; Predelus et al., 2015; Walter et al., 2000) at the interface between
the finer textured soil matrix and the gravel layer near the downslope
face of the lysimeter, which facilitated preferential flow of water and
DLT particles and 2) the size exclusion effect.
A capillary barrier is often formed under unsaturated conditions at

the interface of a finer-textured and a coarser-textured soil when the
water pressure at the interface cannot reach the water entry pressure of
the coarser-textured soil. Water is held in the finer-textured soil by
capillary force effectively preventing water from entering the coarser-
textured soil (Bussière et al., 2003; Walter et al., 2000). As a result, the
interface acts as preferential flow pathway (Bussière et al., 2003; Walter
et al., 2000), facilitating fast solute and colloid transport (Predelus
et al., 2015). A capillary barrier likely formed at the 80-degree interface
between the soil and the gravel in the sloped lysimeter. Since the gravel
layer had nearly no suction pressure, preferential flow formed along the
interface in the unsaturated zone allowing tracers that were applied
close to the capillary barrier to travel much faster than the D front
which was the weighted average of the fast water flow at the capillary
barrier and the much larger amount of slow water flow in the soil
matrix.
Size exclusion happens when some of the pores in the systems are

not hydrodynamically accessible to the particle (Bradford and
Torkzaban, 2008; Sirivithayapakorn and Keller, 2003a). Particles are
excluded from the pores that do not have enough liquid to move them
through (Bradford and Torkzaban, 2008). Even if the system is satu-
rated, particles tend to choose broader pathways over narrower ones
(Sirivithayapakorn and Keller, 2003a) and tend to travel near the center
of pores where velocity is larger (Sirivithayapakorn and Keller, 2003a).
We speculate that due to the size exclusion effect, the 1-µm DLT par-
ticles were constrained to connected larger pores filled with enough
water resulting in faster transport of DLT particles than the bulk water
and D front (Figs. 5 and 6) at the beginning.
D started to breakthrough around the beginning of the third rain

pulse on the first day and the normalized cumulative transferred mass
exceeded the DLTs within 2.5 h (Fig. 6b). This was due to the strong
straining of the DLTs by the soil matrix and the strong physical-che-
mical adsorption of the DLTs to the soil matrix. The retention effects of
these two mechanisms together were about two orders of magnitude
stronger than the mobilization effect of preferential flow in our system
for the 1-µm DLT particles (comparing the about 1% recovery rate of
the DLTs with the 97.78% recovery rate of D).

4.1.4. Lack of coincidence between DLT peaks and discharge peaks
Contrary to Auset et al. (2005) whose colloid breakthrough peaks

were coincident with discharge peaks, most of our DLT breakthrough
peaks occurred during and right after the rainfall events (Fig. 5,
Table 4) but often before the corresponding discharge peaks (Fig. 3).
We hypothesize that this difference was caused by the nature of the soil
system. In Auset et al.’s (2005) vertical soil column experiments, the
discharge was collected at the bottom of the columns, which means that
the colloids had to move through the entire column and travel the same
length as water to reach the outlet. However, in our sloped soil lysi-
meter, as discussed above in Section 4.1 iii), significant amount of DLTs
that were able to get discharged moved along the fast pass—capillary
barrier, which was shorter than average pathway of water flow. Hence,
in contrast to other studies that observed synchronous colloid break-
through and discharge peaks, our colloid breakthrough peaks occurred
earlier than the corresponding discharge peaks.

4.1.5. Abnormally high, late DLT peaks
Contrary to the results of Auset et al. (2005) who showed that after

the second peak, the height of the peaks were consistently decreasing
over time, we observed some peaks later during the experiment, which
had DNA copy counts similar to some of the earlier peaks (Fig. 5, DLT3
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and DLT4).
We hypothesize that this was due to cluster/flocculation/aggregate

formation of the DLT particles in the soil system. The tracer solutions
were monodispersed and stable (in ultrapure water) when they were
applied onto the system, since they were well mixed and the zeta po-
tential of the DLTs was within the range of moderate stability
(−30–40mV). However, once the particles arrived at the unsaturated
soil surface, there were several mechanisms that might have caused
aggregation. First, surface filtered particles might have formed a cake
on the soil surface (Auset and Keller, 2006; Mackley and Sherman,
1992), and some aggregates from the cake might have found their way
into the soil system when raindrops disturbed the soil surface and
changed the pore structures in top soil (e.g. breaking of the cake into
smaller clusters) (Wang et al., 2013). Second, the particles that were
attached to the air-water interface could form a cluster when the AWI
gradually shrank and finally dissolved during imbibition (see Fig. 3 of
Sirivithayapakorn and Keller (2003b) for the visualization of this
cluster formation process). Third, the particles deposited at the same
spot on a soil grain could form a cluster (see Fig. 11 of Keller and Auset
(2007) for the visualization of this cluster formation process). When
some driver(s) mobilized the clusters, high colloid loads would occur in
the seepage samples.
Further, the periodic, steady state condition of the experiment cre-

ated a fluctuating water table and capillary fringe that changed position
in both the vertical and horizontal direction. The fluctuating capillary
fringe could largely help in mobilizing colloids both when the capillary
fringe was rising and falling (detailed description of possible colloid
mobilization by fluctuating capillary fringe is given in Section 4.2).

4.2. Conceptualization of hypothesized transport processes in a dynamic
and complex system

4.2.1. System wet-up
When it started to rain at 8:00 on each day (Fig. 8a), the impact of

the raindrops might have enabled redistribution of soil and tracer
particles in the top one centimeter of the soil (similar to the shield layer
or mixing layer in Wang et al., 2013, 2017, 2018). As a result, tracers in
the top 1 cm of soil might have been ejected and deposited into larger
pores allowing them to move more deeply in the soil.
Once DLT particles were deposited into larger pores, a series of

processes could enable their transport to the variably saturated zone
and the outlet of the lysimeter. During the first rainfall pulse each day
(Fig. 8a), the infiltrating rainwater created a wetting front that moved

downwards. Air-filled pores increasingly filled with water as the wet-
ting front was passing, creating a thicker water film around soil grains.
As a result, the location of AWIs was moving and the total area of AWIs
was getting smaller (Auset et al., 2005). The increase in water content
might have also caused a disturbance of the hydrostatic equilibrium
formed at SWI(s) or solid-air-water triple points (Lazouskaya et al.,
2013; Zhuang et al., 2007), leading to the mobilization and transport of
strained tracers with the wetting front (Lazouskaya et al., 2013).
Besides this series of processes, DLT particles dislodged by raindrops

could have entered preferential pathways (along the capillary barrier at
the loamy sand and gravel interface or through connected large pores
filled with enough water) to reach the outlet faster than the water front
(see small red arrows in Fig. 8a). Dislodging might have also allowed
retained particles to re-enter flow and transport pathways in the system,
leading to successive transport further down in the system. We could
not determine whether the dislodged particles were exactly the same
ones recovered in discharge shortly after, but dislodging is one of the
processes hypothesized that ensured particle tracer mass was mobile
within the system, which might eventually exit the system and con-
tribute to the late peaks observed in the DLT breakthrough curves
(Fig. 5).

4.2.2. Wet period
When the wetting front reached the bottom of the lysimeter and

connected with the capillary fringe (Fig. 8b), the mobile tracers could
have entered the saturated zone, which started to expand in the upslope
and vertical direction in response to the rainfall input. As the capillary
fringe was rising, more and more mobile tracers, as well as immobile
tracers strained in the variably saturated zone could have been flushed
towards the outlet or seepage face. This mobilization of DLT particles
by the rising capillary fringe could explain the tracer peaks that often
occurred during the 1st and 2nd rainfall pulse (Fig. 5). Although this
particle mobilizing process was mainly driven by the first rainfall pulse,
it lasted until the 2nd rainfall pulse because it took several hours for the
wetting front to reach the capillary fringe. When any of the particle
mobilizing processes coincided with an increase in discharge, its ef-
fectiveness could be enhanced by the increase in discharge and flow
velocity, which would have flushed the mobile tracers out of the system
(Fig. 8b). During the 2nd rainfall pulse the unsaturated zone was
smaller and wetter, and the saturated zone was larger. This allowed
faster movement of the wetting front (caused by the 2nd rainfall pulse)
through the unsaturated zone and more mobilization of strained DLT
particles.

Fig. 8. Schematic of hypothesized DNA-labelled particle tracer (DLT) transport pathways in the sloped lysimeter under different wetness conditions. (a) During
system wet-up, when rainfall and DLT tracers are applied, a wetting front is progressing into the system. DLTs could be transported along preferential flow pathways
and the capillary barrier near the downslope face of the system. (b) At the peak of the wet period, the wetting front reached the bottom of the system, the water table
is rising and mobile tracers entering the saturated zone could be transported out of the system. (c) At the beginning of the dry period, larger discharge and a faster
drying front could mobilize DLT particles from the variably saturated zone, leading to DLT peaks after midnight.
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4.2.3. Begin of dry period
The effect of the third rainfall pulse each day was to some extent

similar to the 2nd rainfall pulse. However, due to the even wetter
antecedent moisture conditions, the water table was higher and the
capillary fringe was able to reach retained tracers at higher locations.
The higher capillary fringe led also to larger hydrostatic pressure which
resulted in larger discharge and a faster drying front after the water
table peaked (Fig. 8c). The larger discharge could be more effective at
flushing out the tracers because it facilitated a larger hydrodynamic
shear. The faster drying front could be very effective at mobilizing
tracers after rainfall inputs had ceased. Most of the DLT breakthroughs
observed after midnight could be attributed to the mobilization of
particles with the drying front.

4.3. Possible limitations and uncertainties in interpreting breakthroughs

Saturated soil column experiments using the same tephra soil were
conducted prior to the miniLeo experiment to estimate the DLT mass
required for the sloped lysimeter experiment. However, due to the
predominantly unsaturated conditions in the lysimeter (which were not
anticipated), DLT recovery in discharge was low and most DLT mass
was retained in the upper soil layer. This resulted in low DLT con-
centrations in discharge and discharge samples needed to be con-
centrated 10 fold to obtain the breakthrough curves (details on the
method are provided in supplementary materials “sample preparation
for analysis”).
Due to unknown losses listed in Section 2.3, we had to use the sum

of the discharged mass and the mass retained in soil to serve as the total
input DLT mass. The technique has been improved a lot since we did
this miniLeo experiment, and now we can 1) fabricate the DLTs with
higher encapsulation efficiency and higher stability (mitigating ag-
gregation), and 2) analyze samples with higher extraction efficiency
(McNew et al., 2018). Now the actual input should be much closer to
the total input calculated by Eq. (2).
There was inevitably some uncertainty related to the measured D

and DLT concentrations, as is for any measured data. When calculating
the normalized load and normalized cumulative transferred mass, more
uncertainty was introduced, as we had to assume that the concentration
was constant over a certain sampling interval for load calculation,
which, because of the high variability in DLT concentrations, might
have introduced some uncertainty into the estimated total recovered
mass. In addition, for the mass calculation we had to assume that the
concentration changed linearly from one to the next sampling point.
Some of this uncertainty could be potentially reduced or quantified by a
higher sampling frequency. However, for this experiment, DLT con-
centrations were determined as accurate as possible, and the un-
certainties should not change the main results that 1) DLT1, DLT2 and
DLT4 transferred faster than D at the beginning of the experiment but
transferred much slower than D after the breakthrough of D started, and
2) D recovery rate was close to 100%, while DLT recovery rates were
very low, but the recovery rate of earlier applied DLT tracers was still
larger than that of the later applied DLT tracers.
Some of the tracer dynamics described in Section 4.1 could also

have been influenced by subtle changes in the soil system itself. Al-
though we cannot exactly quantify these changes, there were several
pointers in the hydrometric data that indicate that the porous media in
the lysimeter was changing over time, possibly as the result of fine
sediment particle transport within the system. And the mobilization of
fine sediments by unsaturated transient flow was recorded in previous
studies, for example, Zhuang et al. (2007). Hence, over time, fewer fine
sediment particles remained in the top layer of soil, which might ex-
plain why DLT3 had the largest percentage of tracer mass passing
through the top 0–5 cm layer (11.8%), while the percentage of the DLT3
mass recovered in the discharge was the smallest (0.19%) (Table 2)
(Harvey et al., 1993).
Ionic strength and pH are known to have fundamental controls on

physical-chemical adsorption and colloid transport. Although the ionic
strength and pH of the seepage water were changing over the course of
the experiment (data not shown), the effect of ionic strength on DLT
transport was not our main focus in this experiment. Ionic strength of
the seepage water varied between 2.56 and 4.51mmol/L during the
experiment, which is almost negligible compared to studies that fo-
cused on the role of ionic strength in colloid transport (Auset and Keller,
2006; McDowell-Boyer et al., 1986; Sang et al., 2013; Wan and Wilson,
1994b; Zhuang et al., 2007). The ionic strength observed during this
experiment is in the low range (Auset and Keller, 2006; McDowell-
Boyer et al., 1986; Sang et al., 2013; Wan and Wilson, 1994b; Zhuang
et al., 2007); therefore, it should have played a minor role in the at-
tachment of DLT particles to AWI or SWI or the aggregation of colloids.

4.4. Implications for understanding complex or large scale hydrological
systems

The broader novelty of this research is that the use of multiple,
unique DLTs opens new avenues for the study of dynamic, complex or
large scale hydrological flow and pollutant transport systems, such as
flow through glaciers, karst groundwater, flashy arid watersheds, and
fill-spill dynamics (Bakalowicz, 2005; Fountain et al., 2005; Fountain
and Walder, 1998; Pilgrim et al., 1988; Shaw et al., 2012). As such, this
experiment highlights the versatile applicability of DLTs in column to
hillslope scale experiments that could potentially provide new insights
into the dynamic transport and interaction of, for example, earlier ap-
plied and later applied colloidal tracers or synchronously applied tra-
cers at different injection locations, which thus far has not been possible
for colloid tracers of the same type, due to the system memory effect
(when using the same tracer) (Falbo et al., 2013; Kim et al., 2016). For
example, Falbo et al. (2013) measured the overall Escherichia coli con-
centration in a ditch (Fig. 2 in Falbo et al., 2013), which was the result
of two near-by manure-application events. However, because the Es-
cherichia coli strain they studied had only one unique ID they were not
able to quantify the contribution from either event to the total con-
centration observed. In another example, Kim et al. (2016) repeatedly
applied the same tracer (chloride) to a soil lysimeter system and, as a
result, a significant lag was required after each application to ensure
there was no significant interference between breakthrough signals.
Post-processing was also required to decouple the overlap that did
occur between breakthroughs. The DLT technology applied in this study
facilitates explicit mapping of different source locations and injection
times, if a unique DLT were applied during each event. In this manner,
DLTs could aid water quality and ecological research through system-
specific quantification of transport, diffusion, mechanic dispersion, in-
terception, sedimentation, and filtration of the tracer in the system
(Bradford et al., 2003; Yao et al., 1971), and hence prediction of non-
point source and point-source particulate pollutants at the catchment
scale. The information gained from individual DNA-labelled traces
could also improve flow and transport modeling, since changes in the
transport dynamics over time can be more accurately captured. This
experiment and tracer technology therefore highlight first steps towards
improved understanding of the fate and transport of repeated pollution
events, such as pathogen pollution from manure applications, by ob-
serving the breakthrough of repeated uniquely labelled particle tracer
injections under controlled laboratory settings that simulate the dy-
namics found in many natural hydrologic systems.

5. Conclusions

We applied four unique DNA-labelled particle tracers (DLTs) and
one conservative tracer (D) during three 2-hour rainfall events on a
sloped, homogeneous soil lysimeter to gain insights into the transport
processes of earlier and later applied particle tracers over 10 days of
dynamic and transient flows. The results from this experiment high-
lighted several interesting mechanisms that can inform understanding
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of colloid transport processes in the environment such as the transport
of colloidal pathogens (e.g. Salmonella enterica, Escherichia coli) from
repeated manure applications in agricultural landscapes. In our ex-
periment, DLTs showed faster early breakthroughs than the con-
servative D, but were exceeded soon after the start of D breakthrough.
DLT breakthroughs were characterized by several, and often with in-
consistent timing, high-concentration peaks early in the 10-day ex-
periment followed by erratic high-concentration peaks later in the ex-
periment that did not coincide with discharge peaks. DLT recovery
overall was low (<1.5% of applied mass) and decreased for each
subsequently applied tracer. The DLT breakthrough curves can be ex-
plained by the intermittent wetting-drying cycle created by the periodic
rainfall events, which controlled the volumetric soil water content,
water table height and velocity distribution within the soil lysimeter
and as such the movement via preferential flow (caused by capillary
barrier or size exclusion effect) and retention in the soil matrix. The
majority of the applied DLTs were retained near the soil surface either
by physical-chemical filtration due to the more than 20 dm/dp, or by
some kind of straining due to the unsaturated condition. Results from
this study were consistent with many colloid transport studies in satu-
rated and unsaturated porous media but some of the breakthrough
patterns were unique and warrant additional research to explain the
controlling processes, e.g., potential interactions between earlier and
later applied DLTs. Future research will focus on 1) modeling the
transport processes of multiple DLTs in transient flow systems; 2) ap-
plying a mixture of variably sized and labelled DLTs to better under-
stand the size exclusion effect; 3) conducting similar experiments at
larger scales (e.g. hillslope) to better understand the processes in nat-
ural conditions.
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